Objective: Decompensated chronic hyperglycemia often leads to late microvascular complications such as retinopathy, diabetic foot syndrome, and diabetic kidney disease. The aim of this study was to determine the concentration of vascular endothelial growth factor A (VEGF-A) and its receptors in patients with well-controlled diabetes. Methods: The study was conducted on 31 patients with well-controlled type 2 diabetes without micro-or macroangiopathy. Thirty healthy volunteers were enrolled in a control group. Serum concentrations of VEGF-A, VEGF receptors 1 and 2 (VEGFR1 and VEGFR2), fasting glucose, and lipid profiles were measured, and the plasma concentration of glycated hemoglobin (HbA1c) was determined. Results: No significant differences were observed between the concentration of VEGF-A, VEGFR1 or VEGFR2 in the subject group and that in the control group. Positive correlations were noted between the levels of VEGF-A, VEGFR2, and triglyceride, and there was a negative correlation between the levels of VEGFR2 and high-density lipoprotein (HDL)-cholesterol in the study group. Conclusions: The concentrations of VEGF-A and its receptors 1 and 2 in patients with well-controlled diabetes are comparable to those of healthy individuals, which may indicate that appropriate control of glucose levels delays the occurrence of vascular complications. A negative correlation between VEGFR2 and HDL-cholesterol levels, and positive correlations between VEGF-A, VEGFR2, and triglyceride levels, suggest that lipid abnormalities occurring in diabetes may be involved in the modulation of angiogenesis.
Introduction
Type 2 diabetes mellitus, along with cardiovascular diseases, cancers, and chronic respiratory diseases, is classified as a non-communicable disease (NCD) and is a major cause of human morbidity and mortality worldwide (World Health Organization, 2011) . In 2012, diabetes caused 4.8 million deaths in the world and there were 371 million diabetic patients (International Diabetes Federation, 2012; Olokoba et al., 2012) . By 2030, morbidity is expected to increase to 522 million, of whom 439 million will suffer from type 2 diabetes (Olokoba et al., 2012) .
The main problem is still late, often random, clinical diagnosis of type 2 diabetes. Latent and oligosymptomatic onset results in vascular complications in more than 25% of patients at diagnosis (Olokoba et al., 2012) . This relates to damage to small arterioles (microangiopathy) and large vessels (macroangiopathy) and hemostatic disorders (diabetic thrombophilia), which in turn lead to multiple organ dysfunction.
The basis of the development of late diabetic complications is endothelial dysfunction, which leads to impaired function of many processes such as blood coagulation, fibrinolysis, and the severity of the inflammatory response (Basha et al., 2012) . Also noted is an incorrect expression of multiple pro-angiogenic factors, which is manifested by dysregulation of the angiogenesis process and underlies vascular complications in diabetes (Jansson, 2007) .
In the angiogenesis process, the most potent mitogens acting on endothelial cells (ECs) are the vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF). The expression of VEGF, which occurs under the influence of hypoxia inducible factor-1 (HIF-1), starts and maintains a neovascularization process (Zielonka, 2004; Skóra et al., 2006) . The stimulation of a type 2 receptor (VEGFR-2) specific for VEGF (fetal liver kinase-1 (Flk-1) or kinase domain region (KDR)) with tyrosine kinase activity by activating the phosphoinositol-3-kinase/protein kinase B (PI3K/Akt) pathway activates endothelial nitric oxide synthase (eNOS). This enhances the release of nitric oxide (NO) which extends and increases the permeability of the vessel, which is vital for the start of angiogenesis. VEGF also acts through the receptor VEGFR1 (Fms-like tyrosine kinase-1 (Flt-1)), which, in response, generates vascular sprouting (Barańska et al., 2005; Stuttfeld and Ballmer-Hofer, 2009 ).
Processes occurring in diabetes such as hyperglycemia, insulin resistance, hypertension, dyslipidemia, central obesity, and impaired NO synthesis have an effect on blood flow in the vessels and cause tissue hypoxia. Hypoxia is a signal for the induction of angiogenesis and the expression of many genes, including VEGF and VEGFR2, which, due to their functions, may have an impact on the development of diabetic complications (Jansson, 2007) .
A review of the literature suggests that the expression of VEGF and its receptor 2 increases significantly during the course of pathological conditions such as diabetic retinopathy and nephropathy (Kubisz et al., 2010; Mahdy et al., 2010) . However, there are no unambiguous data on the role of VEGF-A, VEGFR1, or VEGFR2 in the pathogenesis of wellcontrolled diabetes. With that in mind, the aim of this study was to determine the concentrations of VEGF-A and its receptors 1 and 2 in patients with well-controlled type 2 diabetes mellitus without micro-or macroangiopathy.
Materials and methods

Subjects
The study included 31 patients diagnosed with type 2 diabetes mellitus under the care of the Endocrinology and Diabetology Clinic of Dr. A. Jurasz University Hospital, Poland. The study group consisted of 13 females aged 49-74 years (mean 63 years) and 18 males aged 46-79 years (mean 64 years). To qualify for the study, patients had to satisfy the following criteria: a level of glycated hemoglobin (HbA1c) of ≤6.5% and no vascular complications, assessed by determining the concentration of albumin in the urine (to exclude diabetic kidney disease), an eye examination (to exclude the presence of diabetic retinopathy), as well as no symptoms of ischaemic heart disease, no symptoms of lower limb ischemia (measured by testing the pressure of the arteries of the lower limbs to calculate the ankle-brachial index: selected patients had an index of 0.9-1.15), and no diabetic foot syndrome. The control group consisted of 30 healthy individuals: 19 females aged 45-57 years (mean 51 years) and 11 males aged 40-67 years (mean 50 years).
A medical history interview conducted by a medical specialist provided information about the general condition of the patients and the presence of co-existing diseases such as hypertension, obesity, and hyperlipoproteinaemia. The criterion for the diagnosis of obesity was a body mass index (BMI) of over 30 kg/m 2 , and the criteria for high blood pressure were systolic blood pressure ≥140 mmHg and diastolic blood pressure ≥90 mmHg (Table 1 ). The mean duration of type 2 diabetes mellitus in patients was 8.1 years. Among all the patients, 26 had used antiplatelet drugs and 2 had used anticoagulant therapy. None of the patients received fibrinolytic drugs. All the patients received antihyperglycemic treatment: insulin, metformin or sulfonylurea derivatives, depending on the indication. The patients also had received statins and ACE inhibitor drugs.
The patients from all the groups were informed about the aim of the study and its course. They expressed informed consent for participation in the study and the research was approved by the Bioethics Committee of the Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University in Toruń, Poland (No. KB 89/2009).
Measurements
The materials used for the studies consisted of venous blood collected without stasis from an elbow vein. The blood was collected between 7:30 and 9:30 am after half an hour of rest in a fasting state. To determine angiogenic factors, 4.5 ml of blood was collected into tubes without anticoagulant. The sample was centrifuged for 20 min at 4 °C at 3000×g and subjected to further analytical procedures. In the serum from the study and control groups, the concentrations of VEGF-A, VEGFR1, VEGFR2, the lipid profile, and fasting glucose were determined. In addition, 4.5 ml of blood was collected into tubes containing sodium versene (ethylenediaminetetraacetic acid (EDTA)) to determine the level of HbA1c; the plasma received from the study group was directly subjected to further analytical procedures.
The VEGF-A concentration was determined using the Quantikine VEGF immunoassay, the VEGFR1 concentration using the Quantikine Human sVEGFR1/ Flt-1 immunoassay, and the VEGFR2 concentration using the Quantikine Human sVEGFR2/KDR/Flk-1 immunoassay. All test kits were supplied by R&D Systems, Inc. The method was based on the reaction enzyme immunoassay (ELISA). The parameters of the lipid profile, fasting glucose, and HbA1c concentrations were determined by specific tests using an Abbott Clinical Chemistry Analyzer Architect c8000.
Statistical analysis
The statistical analysis was performed using Statistica 10.0 software (StatStoft ® , Cracow, Poland).
The Shapiro-Wilk test was used to assess the normality of data distributions. Parameters with values deviating from a normal distribution were described by the median (Me) and lower (Q1) and upper (Q3) quartiles. The variables that were close to a normal distribution were expressed as arithmetic means and standard deviations (SDs). The differences between the parameters in each group were assessed using the non-parametric U-Mann-Whitney rank-sum test for variables with a non-normal distribution, or by Student's t-test for normally distributed data. To assess the correlation between the parameters, the Spearman (R) coefficient was used. P values <0.05 were considered significant. Table 2 shows the concentrations of VEGF-A, VEGFR1, and VEGFR2 in the study group compared with those in the control. There were no significant differences in the parameters between the two groups. Table 3 shows the relationships between VEGF-A, its receptors and lipid parameters, as well as HbA1c. In the group of patients, there was a significant positive correlation between the concentrations of triglycerides and VEGF-A and VEGFR2. There was also a significant negative correlation between the highdensity lipoprotein (HDL)-cholesterol and VEGFR2 concentrations.
Results
Discussion
The factor most widely known to be involved in angiogenesis, connected with chronic hyperglycemia and its consequences, is VEGF. VEGF stimulates the proliferation, differentiation, and survival of ECs. It is also an agent for endothelium-dependent vasodilation, increasing its permeability, and participates in cellular interstitial matrix remodeling (Kubisz et al., 2010) . It is believed that this cytokine plays a key role in prenatal and postnatal angiogenesis, in both physiological (e.g., wound healing, pregnancy) and pathological states where excessive formation of blood vessels occurs, such as in tumors, rheumatoid arthritis, diabetic retinopathy, or diabetic nephropathy (Araszkiewicz et al., 2004) . In the present study, no significant differences were observed between the concentration of VEGF-A in the group of patients with type 2 diabetes without vascular complications and that in the control group. This suggests that proper glycemic control considerably reduces the risk of vascular complications associated with elevated levels of VEGF, and poor glycemic control and its metabolic consequences can be considered as major factors in the increased expression of VEGF in diabetes (Swidzińska et al., 2006) . This phenomenon is most probably due to polyol pathway abnormalities, increased non-enzymatic glycation of proteins, increased levels of angiotensin II, and hypoxia as a result of hyperglycemia (Cameron et al., 2001) . A review of the literature indicates essential differences in the concentration of VEGF-A in patients with diabetes. Kubisz et al. (2010) recorded a significantly higher concentration of VEGF-A in the serum of patients with type 2 diabetes with normoalbuminuria, compared with a control group. However, no significant differences were noted between serum VEGF-A levels in patients with type 2 diabetes and accompanying microalbuminuria, compared with a group of healthy individuals. Kim et al. (2005) reported similar results for VEGF-A in patients with type 2 diabetes mellitus complicated by nephropathy, compared with a control group. However, different results were noted in the urine, where they found higher levels of VEGF-A in patients with type 2 diabetes complicated by nephropathy, compared with healthy people. Santilli et al. (2001) observed an increased concentration of serum VEGF in patients with type 1 diabetes mellitus complicated by retinopathy and diabetic nephropathy. Araszkiewicz et al. (2004) reported increased levels of VEGF-A in patients with type 1 diabetes, both in those with diabetic microangiopathy and in those without that disorder. Mahdy et al. (2010) conducted a study with a group of 55 patients with type 2 diabetes, including 10 patients without vascular complications, and reported a higher level of VEGF-A compared with a control group. However, sufficient glycemic control led to a reduction in the concentration of VEGF-A. Despite much evidence that abnormal glycemic control is conducive to the development of vascular complications, a definitive statement that the proper alignment of glucose completely eliminates that risk cannot be made. Increased VEGF production in diabetic patients may be the result of not only periodic states of hyperglycemia and hypoglycaemia, but also an effect of exogenous insulin administration or genetic factors (Kowalski et al., 2011) . Studies suggest that fluctuations in the blood glucose levels cause the disorder known as cell pseudohypoxia that leads to the induction of VEGF synthesis (Araszkiewicz et al., 2004) . VEGFR2 is one of the three receptors for VEGF and is mainly responsible for its biological response. VEGF activation through VEGFR2 is the crucial mechanism stimulating the vascular endothelium and the concentration of VEGFR2 is strongly positively correlated with the amount of VEGF-A. No such dependence is observed in the resting endothelium (Gumbrecht, 2004) . In the present study, there were no significant differences between the levels of VEGFR2 in the control group and those in the group of patients with well-controlled diabetes. Similar results were reported by Janota et al. (2003) who analyzed the expression of VEGF, angiopoietin 1, angiopoietin 2, and their receptors in the human placenta in healthy subjects and in patients with wellcontrolled type 1 diabetes. Patients with complications of diabetes, such as retinopathy or diabetic nephropathy, show a significant increase in the level of VEGFR2 compared with healthy individuals. Witmer et al. (2002) analyzed the expression of VEGFR2 in the retina of people with diabetic retinopathy and in the retina of mice with induced retinopathy. They found increased levels of VEGFR2 and VEGFR3, mainly leaking retinal microvessels, induced by the primary increase in VEGF (Witmer et al., 2002) . Cooper et al. (1999) analyzed the changes in gene expression of VEGF and its receptors after streptozotocin-induced diabetes. VEGF and VEGFR2 measurements were taken 3 and 32 weeks after the administration of a pharmacological agent. The results showed an increase in the levels of mRNA for VEGF and VEGFR2 after 3 weeks of streptozotocin administration. However, no increase in long-term experimental diabetes was noted. The results confirmed the role of VEGF in mediating the changes occurring in the early stages of diabetes.
VEGFR1 (Flt-1) is found mainly in vascular ECs, monocytes, macrophages, trophoblasts of the placenta, and in kidney mesangial cells. A receptor is located on the hypoxia-dependent sequence (hypoxia responsive elements (HRE)) within the promoter of the gene. The stimulation of this receptor by the ligand is characterized by a poor response (Stuttfeld and Ballmer-Hofer, 2009 ). Kim et al. (2005) studied 107 patients with type 2 diabetes with normoalbuminuria, microalbuminuria, and proteinuria, and recorded higher levels of VEGFR1 in the urine of patients with type 2 diabetes, compared with a control group. However, plasma levels of VEGF-A and VEGFR1 in the study group with normoalbuminuria, microalbuminuria, and proteinuria and the control group were similar.
An important risk factor for type 2 diabetes is obesity and strongly related disorders of lipid parameters. It is estimated that dyslipidemia occurs in 60%-80% of diabetic patients (Pacholczyk et al., 2008) . The development, maturation, and plasticity of blood vessels are involved in the proper functioning of adipose tissue as a metabolic and endocrine organ. Angiogenesis is a key factor in adipogenesis (Kieć-Wilk et al., 2006; Wada et al., 2011) . The current study reports a positive correlation between serum triglyceride levels and VEGF, which is consistent with the study by Peczyńska et al. (2004) , which reported patients with incipient diabetic angiopathy. Mahdy et al. (2010) also noted a positive correlation between lipid parameters (total cholesterol and low-density lipoprotein (LDL)-cholesterol) in patients with type 2 diabetes. In addition, Wada et al. (2011) also noted a positive correlation between serum triglyceride and VEGF-A levels. They showed that obesity and lipid disorders occur at the same time and influence the process of angiogenesis. In the present study, we observed a positive correlation between the levels of VEGFR2 and triglycerides and a negative correlation between the levels of VEGFR2 and HDL-cholesterol. In metabolic diseases, carbohydrate metabolism disorders often can be accompanied by abnormalities of the lipid profile. It is known that LDL-cholesterol is a factor which directly damages ECs. Fluctuations in blood glucose levels and anti-hyperglycemic treatment induce VEGF expression and consequently, an increase in VEGFR2 (Witmer et al., 2002) . The negative correlation between the levels of VEGFR2 and HDL-cholesterol is an expression of the beneficial effects of HDL in lipid metabolism, which are impaired in diabetes. The absence of a correlation between VEGFR1 and lipid parameters may indicate that the stimulation of VEGF-A occurs primarily through VEGFR2 (Wada et al., 2011) .
Hyperglycemia acts as toxin to the endothelium through increasing oxidative stress and inhibiting the bioavailability of NO and the formation of advanced glycation end products. Besides reducing the availability of NO, a high concentration of glucose in the blood increases the production of vasoconstrictor substances, especially endothelin-1 (Derzhko and Witkowska, 2006) . Hyperglycemia-induced pathological mechanisms also affect the expression of VEGF and its type 1 and 2 receptors. The laboratory parameter used for evaluation of glucose control in the blood is the level of HbA1c. Kim et al. (2005) found no significant correlation between the concentrations of VEGF and VEGFR1 and the level of HbA1c. A similar result recorded in the present study might be due to the fact that one of the criteria for the qualifying patients was a level of 6.5% HbA1c. The results indicate that well-controlled diabetes type 2 is a result of properly maintained glycemic control in such patients. This hypothesis was supported by the results of Mahdy et al. (2010) who measured the concentration of VEGF in patients with type 2 diabetes before glycemic control and after 4 months of monitoring, and observed a significant decrease in the concentration of VEGF in patients with glycemic control.
Conclusions
The concentrations of VEGF-A and its receptors 1 and 2 in patients with well-controlled diabetes were comparable to those in healthy individuals. This may suggest that properly controlled blood glucose levels reduce or delay the occurrence of vascular complications. The existence of a negative correlation between the levels of VEGFR2 and HDL-cholesterol and the positive correlations between the concentrations of VEGF-A, VEGFR2 and triglyceride, seems to suggest that lipid abnormalities occurring in diabetes may be involved in the modulation of angiogenesis.
Compliance with ethics guidelines
Barbara RUSZKOWSKA-CIASTEK, Alina SOKUP, Maciej W. SOCHA, Zofia RUPRECHT, Lidia HAŁAS, Barbara GÓRALCZYK, Krzysztof GÓRALCZYK, Grażyna GADOMSKA, and Danuta ROŚĆ declare that they have no conflict of interest.
All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2008 (5). Informed consent was obtained from all patients for being included in the study. Additional informed consent was obtained from all patients for which identifying information is included in this article.
